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ABSTRACT 
JACQUELINE GRACE WALLENBORN:  Cardiopulmonary responses of Wistar Kyoto 
(WKY), spontaneously hypertensive rats (SHR) and stroke prone SHR (SHRSP) to 
particulate matter (PM) exposure 
(Under the direction of Dr. Urmila Kodavanti) 
 
    A link between cardiopulmonary disease and increased susceptibility to particulate matter 
(PM) exposure exists, however the mechanistic link remains undefined.  To investigate this, 
we compared the cardiopulmonary response of SHR, SHRSP and WKY rats to oil 
combustion PM exposure.  Male rats (12-15 wks age) were intratracheally instilled with 
saline or 1.11, 3.33 or 8.33 mg/kg of PM.  Pulmonary injury was induced in all strains, and 
pulmonary leakage was exacerbated in SHRSP.  No exposure related lesions were noted in 
the hearts of either WKY or SHRSP.  Changes in levels of ferritin, antioxidants and 
mitochondrial enzymes seen in the hearts of SHRSP only suggest a cardiac effect in this 
strain only.  These data suggest SHRSP are slightly more susceptible than WKY and SHR to 
PM induced pulmonary vascular leakage and cardiac oxidative stress.  Additionally, 
translocation of PM associated metals from lungs to systemic circulation may be playing a 
role in injury causation.  
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INTRODUCTION 
    Numerous epidemiological studies show underlying cardiopulmonary disease linked to an 
increased risk of morbidity and mortality after exposure to even modest levels of air pollution 
(Dockery 2001, Morris et al. 1995).  The exacerbation of adverse health effects from 
exposure to air pollution in individuals with preexisting disease is well documented 
epidemiologically (Pope et al. 2004, Sunyer et al. 2000, O’Neill et al. 2005, Park et al. 2005), 
but poorly understood mechanistically.  To study this susceptibility issue, animal models of 
cardiopulmonary disease are used (Kodavanti et al. 1998a).  Animal models of 
atherosclerosis (Sun et al. 2005) and myocardial infarction (Wellenius et al. 2002) have been 
shown to be more susceptible to particulate matter (PM) exposure than their healthy 
counterparts.  Extensive work from our lab and others has been done showing that the 
spontaneously hypertensive rat (SHR) is more susceptible to PM exposure than the 
normotensive Wistar Kyoto (WKY) rat the strain is derived from (Kodavanti et al. 2000).  In 
this study, we use a strain of stroke prone rats derived from the SHR to further characterize 
the link between compromised cardiovascular health and PM susceptibility, and investigate 
the potential use of SHRSP as a model of more severe cardiovascular disease.   
    In 2002, the Center for Disease Control and Prevention reported stroke as the third leading 
cause of death in the United States, behind other cardiovascular diseases and cancer 
(Kochanek et al. 2004).  Estimates of the US incidence of stroke range from 500,000 
(Matchar and Duncan 1994) to over 700,000 (American Heart Association 2004) per year.  
An increased susceptibility to PM with underlying cardiovascular disease is evident; 
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however, the link between stroke and susceptibility to PM has been inadequately studied.  It 
has been suggested that an elevation of PM may increase the risk of ischemic stroke 
(Wellenius et al 2005).  SHRSP have been used in many studies as a model for human stroke.  
SHRSP were isolated by Okamoto et al. (1975) by the selective inbreeding of stroke prone 
and stroke resistant SHR.  Evidence for a genetic susceptibility for stroke has been shown 
through epidemiological studies involving familial associations (Jousilahti et al. 1997).  
When fed a high sodium, low potassium diet, blood pressures increase comparably in both 
SHR and SHRSP, however, cerebrovascular disease increases only in SHRSP, suggesting an 
etiology of stroke other than hypertension alone (Rubattu 1996).  Jeffs et al (1997) had 
similar findings, identifying a gene independent of blood pressure that accounted for 
differences in infarct volume in response to a focal ischemic insult in WKY versus SHRSP.   
    Many diseases result in, or are the result of, an imbalance in the production and reduction 
of free radical species (Abrescia and Golino 2005, de Champlain et al. 2004).  Although 
some free radicals act as important messengers in a cell, an excess of these can be damaging, 
inducing lipid peroxidation, protein adducts, protein structure modification, or DNA 
oxidation.  Consequences of these, among others, include altered plasma membrane 
structure, ion permeability changes, abnormal protein function, and DNA damage potentially 
leading to harmful mutations.  Numerous xenobiotics induce toxicity by causing oxidative 
stress.  There are several endogenous sources of free radicals in a cell as well.  Mitochondria 
are highly dynamic as the primary organelle for respiration and a major site of free radicals 
production.  The process of molecular oxygen utilization in production of ATP via 
tricarboxylic acid (TCA) cycle and electron transport chain involves generation of free 
radicals which are systematically neutralized or removed from mitochondria to prevent 
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damage.  Any disturbance in these compensatory processes can cause accumulation of free 
radicals and subsequent inactivation of key enzymes associated with these two pathways.  
Because the electron transport chain and enzymes of the TCA cycle are so vulnerable to 
oxidative insults, the mitochondria are considered to be major targets of oxidative stress 
(Kowaltowski and Vercesi 1999).  Furthermore, the activity of enzymes associated with the 
TCA cycle or electron transport chain can be used as a sensor of oxidative stress within the 
cell, or even within a specific organelle such as the mitochondria.   
    Aconitase is an enzyme involved in the TCA cycle, converting citrate to isocitrate, but has 
also been speculated to play roles outside of the TCA cycle, such as stabilizing the DNA of 
the mitochondria (Shadel 2005).  It is present in the cytosol as well as the mitochondria.  The 
release of an iron from the enzyme’s iron sulfur cluster occurs during free radical exposure, 
thus inactivating the entire enzyme.  Because of this, aconitase inactivation is widely used as 
an indicator of oxidative stress.   
    The presence of this iron sulfur cluster means that aconitase activity is not only closely 
linked to oxidative stress levels, but also to iron homeostasis within the cell.  Free iron has 
the ability to participate in Fenton chemistry, generating harmful free radicals.  Therefore, 
iron homeostasis is a tightly regulated process.  In the cytoplasm, ferritin is an iron storage 
protein, holding iron in a non-reactive state for usage by the cell.  A mitochondrial form of 
ferritin was discovered in 2001 (Levi et al.).  Its exact function is still undetermined; 
however, modulations in ferritin levels in the mitochondria probably indicate changes in a 
cell’s ability to correctly traffic iron.   
    Other enzymes within the cell whose activity may change in response to altered levels of 
oxidative stress include other enzymes of the TCA cycle, such as isocitrate dehydrogenase 
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(ICDH), or detoxifying enzymes such as glutathione peroxidase (GPx) or superoxide 
dismutase (SOD).  Isolation of the mitochondria from a cell by differential centrifugation, 
and measuring enzyme activity levels within each of the mitochondrial and cytosolic 
fractions makes possible the localization of increases in oxidative stress within the cell at an 
organelle level.   
    Many factors add to a compromised cardiovascular state, but one common to most 
cardiovascular diseases is an elevated level of oxidative stress.  Several studies have shown 
that oxidative stress is involved in hypertension (Lacy et al. 1998, Touyz 2000, Russo et al. 
1998), and SHR have been suggested to be more vulnerable to oxidative insults than 
normotensive rats (de Champlain et al 2004).  SHRSP have also been shown to have a 
greater underlying level of systemic oxidative stress than age matched WKY rats, as 
measured by levels of urinary 8-hydroxy-2’-deoxyguanosine (8-OHdG) (Negishi et al. 1999).  
Oxidative stress has also been proposed as one mechanism of injury post exposure to air 
pollutants (Donaldson et al. 2003, Roberts et al. 2003).  Underlying elevated levels of free 
radicals in diseased individuals may predispose them to increased susceptibility to added 
stressors such as pulmonary inflammation from PM exposure.   
    In the lungs, deoxygenated blood coming from systemic circulation is reoxygenated and 
pumped directly to the heart via the pulmonary vein, skipping hepatic filtration.  This pattern 
of blood flow makes the heart a vulnerable organ to inhaled insults.  Furthermore, because of 
their high demand for energy, cardiomyocytes are extremely rich in mitochondria (Benard et 
al. 2006).  This may make them a particularly susceptible cell type to increases in systemic 
oxidative stress.  In addition, recent in vitro studies have shown PM induced impairment of 
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mitochondrial structure (Nel 2005), suggesting that PM induced injury in the heart may be a 
result of changes in mitochondrial function or structure.   
    In this study, we have chosen combustion source PM to examine relative strain differences 
between SHRSP and WKY rats, as well as investigate the possible role that mitochondria 
play in injury from and susceptibility to air pollution exposure.  These particles have been 
used in previous studies.  Cardiovascular and ventilatory function was measured in SHR after 
exposure to the same concentrations of these particles by intratracheal (IT) instillation 
(Wichers et al. 2004a, 2004b).  With regards to differences in strain responses, our lab 
showed that after IT instillation with these particles, SHR showed more pulmonary 
inflammation and lung damage, associated with transcription factor activation, than WKY 
rats (Gilmour et al. 2004).  We hypothesized that upon IT instillation of PM, SHRSP would 
show more lung inflammation and injury and increased levels of oxidative stress than WKY 
rats.  Furthermore, both endogenous levels of and PM induced inactivation of TCA cycle 
enzymes and mitochondrial structural damage would be heightened in SHRSP as compared 
to WKY rats.   
    As stated previously, SHRSP were derived by the selective inbreeding of stroke prone and 
stroke resistant SHR.  So, in order to more finely discern differences in susceptibility, we 
also compared lung injury and inflammation using BALF markers and enzyme activity levels 
in the mitochondria and cytosol of hearts of SHRSP with SHR.   
    The level of various metals was also measured in the PM, and the lungs, hearts, plasma 
and livers of saline and PM exposed animals.  Metals have been hypothesized to be one of 
the primary injury causing components of PM (Costa and Dreher 1997), and are likely to 
translocate to extrapulmonary organs to cause direct toxicity to the heart and other organ 
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systems.  The extrapulmonary toxicity probably depends upon the amount and type of water 
soluble, and therefore, bioavailable metals present in the PM (Costa and Dreher 1997, 
Kodavanti et al. 2003).   
    Ambient particles contain a variety of metals and the metal composition of PM varies 
depending on the source and geographical location.  Zinc is a common PM-associated 
element found in ambient air especially near industrial sources (Dye et al. 2001) or roadways 
(Schauer et al. 2006).  The water soluble fraction of zinc has been postulated to be the 
causative part of PM induced injury (Adamson et al. 2000).  PM associated vanadium and 
nickel have also been linked to adverse cardiopulmonary effects (Kodavanti et al. 1998b, 
Graff et al. 2004).  PM induced lung injury has been proposed to be linked to PM associated 
metals via generation of oxidative stress and/or changes in cell signaling (Ghio et al. 2002).  
Furthermore, in vitro, the inflammatory effects of PM have been caused by the soluble 
transition metals present (McNeilly et al. 2004).   
    Because PM-associated water soluble metals can be leached off in the lung lining fluid, 
they are likely to be translocated to the pulmonary vasculature, heart, and other 
extrapulmonary organs before dilution in the systemic circulation and clearance by liver.  
Therefore, cardiac tissue is a likely target for PM-associated bioavailable metal-induced 
damage.  Translocation of the intratracheally instilled vanadium to systemic circulation has 
been documented (Sharma et al. 1987), and the solubility of the element has been suggested 
to mediate translocation from pulmonary exposure (Rhoads and Sanders 1985).  The amount 
and type of water soluble metals present in PM has been suggested to modulate the amount 
of generation of free radicals, and therefore oxidative stress and toxicity (Valavanidis et al. 
2005).  Since chronic diseases, including cardiovascular diseases, are accompanied by an 
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increased level of underlying systemic oxidative stress (Abrescia and Golino 2005), an 
additional increase resulting from exposure to PM that contains even low levels of metals 
could substantiate a level of oxidative stress that is physiologically significant and harmful. 
    We have recently shown that a combustion source particle which contained high amounts 
of water soluble zinc caused myocardial degeneration upon long-term exposure (Kodavanti 
et al. 2003).  Further, we also demonstrated that pulmonary zinc exposure-induced changes in 
cardiac gene expression pattern is consistent with its direct impact on heart supporting the 
hypothesis that water soluble metals cause direct effect on cardiac tissues (Gilmour et al. 
2006b).  The purpose of this study was to examine the kinetics of translocation of PM-
associated metals to systemic circulation and extrapulmonary organs, and investigate how 
water and acid solubility of metals influence translocation.  For this study, we chose an oil 
combustion source PM sample with moderate levels of water leachable essential and 
nonessential metals, with the idea that the detection of changes in nonessential metals will be 
accurate in signifying translocation into extrapulmonary systems.  We measured the amount 
of several metals present in the lung, heart, liver and plasma of control and exposed animals.  
We chose exposure to particles via intratracheal (IT) instillation to focus on translocation via 
pulmonary capillaries and to avoid the possibility of nasal absorption (Oberdorster et al. 
2004).  Our study demonstrates that following pulmonary exposure to metal-containing PM a 
number of metals are rapidly translocated to circulation and are accumulated in 
extrapulmonary organs such as heart and liver within 24 h, and that initial translocation is 
associated with the water solubility of metals.     
 
    
MATERIALS AND METHODS 
Animals 
    Healthy male Wistar Kyoto rats (WKY), spontaneously hypertensive rats (SHR) and SH 
stroke prone rats (SHRSP), 17 to 18 weeks old were purchased from Charles River 
Laboratories Inc., Raleigh, NC.  Animals were double housed in polycarbonate cages with 
beta chips bedding and acclimatized for one week in an AAALAC-approved animal facility 
(21 ± 1°C, 50 ± 5% relative humidity, 12:12 h light/dark cycle) prior to and during the 
experimental period. All animals received standard Purina rat chow (Brentwood, MO) and 
water ad libitum.   
 
 
Selection of combustion source PM and composition 
    The PM used in this study, termed HP12, was obtained from the precipitator unit of a 
Boston power plant burning residual oil.  It was collected in a sterile 50mL polyethylene tube 
and ground and sieved as previously described (Kodavanti et al. 1998b).  Briefly, the 
collected sample was placed into a stainless steel cup with a stainless steel ball.  These were 
attached to a ball mill shaker, and the sample was shaken vigorously for 30-60 minutes in 
order to reduce particle size.  This ground PM was placed into a 15mL sterile centrifuge tube 
containing a 100µm mesh nylon screen.  The sample was shaken by hand, and particles 
which passed by the screen were analyzed for size using a TSI model 3310A aerodynamic 
particle sizer (TSI, Inc., St. Paul, MN).  The particles were then made airborne using a TSI 
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Model 3433 small scale powder dispenser, and the mass median aerodynamic diameter 
(MMAD) was determined.  The sample was then analyzed for elemental composition.  
Portions of the sample were resuspended in either double distilled water or 1M HCl, and 
mixed for 30 minutes.  These tubes were centrifuged at 14,000g and the supernatants filtered 
using Teflon syringe filters with a 0.2 µm pore size.  The filtrate was then analyzed by 
inductively coupled plasma atomic emission spectrometry, using the protocol EPA Method 
200.7, “Determination of Metals and Trace Elements in Water and Wastes by ICP-AES” (US 
Environmental Protection Agency 1992).  The analysis of the filtrate from the particle 
suspension in water was termed water soluble, whereas the analysis of the filtrate from the 
particle suspension in 1M HCl was termed HCl soluble.  This particle contained water 
soluble and 1M HCl soluble metals such as iron, vanadium, nickel and zinc, however, the 
concentrations of these metals by mass are much lower than the concentration in previously 
used oil combustion particles (Kodavanti et al. 1998b). 
 
IT instillations 
    Rats were randomly assigned to different groups (n=6) based on body weight and used for 
assessment of pulmonary toxicity and other biochemical analysis for heart and lung.  Two 
studies were conducted sequentially.  In the first study, WKY rats were compared with 
SHRSP and in the second one SHR with SHRSP.  Bulk PM sample was weighed and 
suspended in sterile saline at concentrations of 0.00, 1.11, 3.33 or 8.33 mg/mL (control, low, 
medium and high dose, respectively) to reflect earlier studies (Kodavanti et al. 1998b, 
Gilmour et al. 2004, Wichers et al. 2004a, 2004b).  The samples were vortexed and mixed for 
at least 20 minutes prior to IT instillations.  Rats (n=6 per group) were anesthetized under 
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light halothane (Costa et al. 1986) and intratracheally (IT) instilled at a volume of 1 mL/kg.  
Control rats received 1 mL/kg of the sterile saline.  The responses were analyzed at 4 and 24 
h later in the first study. A separate group of rats (3 controls and 3 high dose for each WKY 
and SHRSP) were used for cardiac transmission electron microscopy (TEM) as well as heart 
and lung pathology assessment 72 h post exposure.  In the second study SHR and SHRSP 
rats (n=6 per group) were similarly instilled with 0.0, 3.33 and 8.33 mg/ml/kg PM and 
responses analyzed 24 h later (Table 1). 
 
Necropsy, blood/tissue collection, and bronchoalveolar lavage (BAL) 
    Based on our previous studies (Kodavanti et al. 2002) we presumed that pulmonary and 
cardiac acute changes may occur during the first 24 h following PM exposure whereas 
microscopic and ultrastructural changes may follow at later time points. Therefore, in the 
first study involving WKY and SHRSP rats, necropsies for the biochemical, and molecular 
analysis were performed at 4 or 24 h post instillation while necropsies for the lung and heart 
pathology, and TEM were performed at 72 h. Since relatively small changes were noted in 
terms of lung injury/inflammation and cardiac parameters at 4 h post exposure relative to 24 
h, in the second study involving SHR and SHRSP rats, necropsies were performed only at 24 
h post-exposure.  
    At the designated time points, rats were weighed and anesthetized with an overdose of 
sodium pentobarbital (50-100 mg/kg, intraperitoneally).  In the first study, plasma was 
collected through abdominal aortic puncture directly into vaccutainers containing heparin for 
metal analysis, described below.  The heart tissues were quickly removed and processed to 
isolate mitochondria as described below.  The trachea was cannulated and the left lung and 
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accessory lobe tied off.  The left lung was quickly excised and processed for isolation of 
mitochondria as described below.  The right lung was lavaged using a volume of Ca++/Mg++ 
free phosphate buffered saline (pH 7.4) equal to 35 mL/kg body weight (representing total 
lung capacity) X 0.5 (right lung without accessory lobe representing 50% of total lung 
capacity).  Three in-and-out washes were performed with the same buffer aliquot.  
Bronchoalveolar lavage fluid (BALF) was saved in 15 mL sterile tubes on ice.  Pieces of the 
heart, lung and liver (0.1-0.4mg each) from WKY and SHRSP were excised 24 h post 
exposure and quick frozen in liquid nitrogen and stored at -80oC for metal analysis.  In the 
second study involving SHR and SHRSP, heart tissues were processed for isolation of 
mitochondria (see below) and the whole lung was lavaged at 35 ml/kg capacity at shown 
above.  No separate TEM or histological evaluation was done with this comparison. 
 
Tissue collection for metal analysis 
    Strain differences in translocation of metals were not the focus of this study, so tissues 
from WKY rats were analyzed only.  Four or 24 h post instillation, rats were weighed and 
anesthetized with an overdose of sodium pentobarbital (50-100 mg/kg, ip).  Blood was 
collected through abdominal aortic puncture directly into a vaccutainer containing sodium 
heparin.  These tubes were spun at 4500 rpm at 4OC for 10 minutes.  An aliquot of plasma 
was stored at -80OC.  The heart was quickly excised, and a piece of the left ventricle (0.1-0.3 
mg in weight) was quick frozen in liquid nitrogen and saved for metal analysis.  The 
accessory lobe of the lung and a piece of the liver were weighed and quick frozen in liquid 
nitrogen and saved for metal analysis.   
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Cell differential/bronchoalveolar lavage fluid (BALF) analysis 
    Aliquots of BALF were used to determine total cell counts, using a Z1 Coulter Counter 
(Coulter, Inc., Miami, FL).  A second aliquot was centrifuged (Shandon 3 Cytospin, 
Shandon, Pittsburg, PA) to prepare cell differential slides.  Slides were dried at room 
temperature and stained with Leukostat (Fisher Scientific Co., Pittsburg, PA).  Macrophages, 
neutrophils, eosinophils and lymphocytes were counted using light microscopy.  At least 200 
cells were counted on each slide.  The remaining BALF was centrifuged at 1500 x g to 
remove cells, and the supernatant fluid was analyzed for markers of lung injury. Total protein 
was analyzed using Coomassie Plus Protein Assay Kit (Pierce Rockford IL, U.S.A.). BALF 
albumin was analyzed using a commercially available kit (Diasorin, Stillwater MN, U.S.A.). 
Lactate dehydrogenase (LDH) activity (U/L) was determined using a Kit 228 from Sigma 
Chemical Co. (St. Louis, MO). N-Acetyl glucosaminidase (NAG) activity (U/L) was 
measured using a kit and standards from Roche Diagnostics (Indianapolis IN, U.S.A.).  γ-
Glutamyl transferase (GGT) activity was measured using a kit from Thermo Trace Ltd 
(Melbourne, Australia). These assays were modified and adapted for use on the KONLAB 
clinical chemistry analyzer (Thermo Clinical Labsystems, Espoo, Finland). 
 
Preparation of cytosolic and mitochondrial fractions from the heart 
    Following plasma collection, the heart was quickly excised and the right ventricle was 
removed from the heart.   The left lung was tied off, and then excised.  Tissues were quickly 
weighed and placed into ice cold homogenization buffer containing 210 mM mannitol, 
5.0mM MOPS, 70mM sucrose and 1.0mM EDTA, with pH 7.4, and minced.  Tissues were 
homogenized in the same buffer (100-200 mg/ml buffer) by at least 25 up and down strokes 
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using a Dounce homogenizer with a Teflon pestle and glass tube.  Homogenates were 
centrifuged at 1000rpm at 4OC for 15 minutes to remove cell debris.  The supernatant was 
transferred to another tube and centrifuged at 10,000rpm at 4OC for 20 minutes.  The 
supernatant was used as the cytosolic fraction and was aliquoted and quick frozen at -80oC 
until further analysis.  The pellet was resuspended in a buffer containing 50mM Tris-HCl and 
1mM EDTA with pH 7.4, 0.1% Triton X, and added Protease Inhibitors (CalBioChem 
#539134).  To remove mitochondrial membranes from matrix and enzymes, this 
resuspension was sonicated for 10 seconds and centrifuged at 3000rpm at 4OC for 10 
minutes.  The supernatant used as the mitochondrial fraction was aliquoted and quick frozen 
at -80oC until further analysis.   
 
Cytosolic/mitochondrial fraction analysis 
    LDH and glutamate dehydrogenase (GDH) activities have been used as markers of 
cytosolic and mitochondrial content, respectively (Maianski et al. 2004).  To monitor 
cytosolic contamination in mitochondrial fraction, LDH was measured in both fractions as 
indicated earlier.  Similarly, GDH activity in both fractions was assessed to determine 
mitochondrial yield and contamination in the cytosolic fraction using a measurement of rate 
of oxidation of NADH.  Aconitase activity, based on the formation of NADPH from 
NADP+, was measured in both fractions using the Bioxytech Aconitase-340 Assay (Oxis 
International Inc., Foster City, CA).  Ferritin levels were measured in both fractions using the 
K-Assay Ferritin from the Kamiya Biomedical Company (Seattle, WA).  Superoxide 
dismutase (SOD) activity was measured in both fractions using a kit from RANSOD 
(Randox Laboratories, Oceanside, CA).  Glutathione peroxidase activity was measured in 
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both fractions indirectly through a coupled reaction with glutathione reductase, as the 
oxidation of NADPH.  These assays were modified and adapted for use on the KONLAB 
clinical chemistry analyzer (Thermo Clinical Labsystems, Espoo, Finland).  
 
Cardiac transmission electron microscopy 
    In the first study, a separate group of twelve rats (3 WKY controls, 3 WKY high dose; 3 
SHRSP controls and 3 SHRSP high dose) were anesthetized and exsanguinated via 
abdominal aorta.  Hearts were quickly removed and sliced crosswise into 3 approximately 
equal-sized segments, of which the center one was used for electron microscopy.  This 
middle segment was placed on a Petri dish with drops of fixative (modified Karnovsky’s-2% 
paraformaldehyde, 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.4) and 1.5–
2-mm tissue segments were cut from the left ventricle (LV), interventricular septum (IS), and 
right ventricle (RV).  The remaining portions of heart tissues were assembled in a cassette 
and processed for histological evaluation.  These TEM specimens were stored at 40C in the 
fixative overnight or for several days, then rinsed in buffer, post fixed in cacodylate-buffered 
1% osmium tetroxide (EM Sciences), rinsed, dehydrated through a series of graded alcohols 
and acetone, and embedded in Spurr’s resin (EM Sciences).  One block from each region of 
each heart was analyzed.  Semithin (1/2-µm) sections stained with 1% toluidine blue + 1% 
sodium borate were examined to locate regions containing longitudinal fibers.  Ultrathin (90-
nm) sections were cut from these regions, placed on 150-mesh copper grids, stained with 5% 
uranyl acetate followed by Reynold’s lead citrate, and examined in a Tecnai 12 electron 
microscope (FEI Electron Optics, Eindhoven, The Netherlands) equipped with a digital 
Megaview III soft imaging system (SIS) and Windows 2000.   
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Lung and heart pathology 
    Immediately following removal of the heart, the trachea was cannulated and both lungs 
were inflated with 10% formalin at 35 ml/kg body weight total lung capacity.  Lungs were 
then placed in 10% formalin.  Left lung and heart tissues were embedded in paraffin, 5 µ 
thick sections were cut, stained with hematoxylin and eosin, and examined under light 
microscope.  
 
RNA isolation/real time quantitative RT-PCR 
   Total RNA was isolated from snap-frozen left ventricle in liquid nitrogen using RNeasy 
Mini Kit (Qiagen, Valencia, CA).  RNA quality was confirmed using RNA6000 Nano 
Reagent Kit and 2100 Bioanalyzer (Agilent Technologies, Germany).  Real time quantitative 
RT-PCR was conducted using the SuperScript III Platinum One Step qRT-PCR system kit 
(#11732-088) and D-LUX primers (Invitrogen, Carlsbad, CA).  Primer sequences were: (1) 
Heme-oxygenase-1 (HO-1) forward 5’- CGT AAA GCG TCT CCA CGA GGT – 3’, and 
HO-1 reverse 5’ - CGC TAG AGA GGT CAC CCA GGT AG[FAM]G – 3’, MIP-2 forward 
5’ - AGA CGC AGT CAG AGG GCT TTC – 3’, and MIP-2 reverse 5’ - CGG GCA GAA 
TAA CAG TCG TCC[FAM]G – 3’, β-actin forward 5’ - TTG AAC ACG GCA TTG TAA 
CCA A – 3’ and β-actin reverse 5’ - CAC ACT TCG CAG CTC ATT GTA GAA AGT 
G[JOE]G – 3’.  [FAM] and [JOE] represent the fluorescent tags on the reverse primers.  
Reactions were carried out using 5µL RNA at a concentration of 20ng/µL in a reaction 
mixture adjusted to a final volume of 30µL.  Real time quantitative RT-PCR was conducted 
on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, 
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CA) using the following reaction conditions: 53oC for 20 minutes, 95oC for 2 minutes, 45 
cycles of 95oC for 15 seconds and 60oC for 40 seconds.      
 
Tissue elemental analysis 
    Plasma and tissue samples were digested with tetramethyl ammonium hydroxide/nitric 
acid and analyzed for elemental content using Inductively Coupled Plasma-Atomic Emission 
Spectroscopy (ICP-AES, Model 4300DV, PerkinElmer Instruments, Shelton, CT), closely 
following EPA Method 200.11 (Martin et al. 1991).  Method 200.11 was originally 
developed for analysis of fish tissue, but the digestion is robust and is used to solubilize all 
types of biological fluids and tissues prior to elemental analysis.  The analyte list for Method 
200.11 was extended to monitor the following elements found in combustion PM:  aluminum 
(Al), boron (B), barium (Ba), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron 
(Fe), potassium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), 
nickel (Ni), phosphorus (P), silicon (Si), strontium (Sr), titanium (Ti), vanadium (V) and zinc 
(Zn).  Calibration standards were obtained from VHG (Manchester, NH; p/n 44CS2Z); 
quality assurance standards were obtained from Spex Certiprep (Metuchen, NJ; p/n CL-CAL-
2). 
 
Statistical analysis 
    The data were analyzed by two-way analysis of variance (ANOVA) with strain and 
exposure as two factors using SigmaStat software, version 3.5 (Systat Software, Inc., Point 
Richmond, CA). In the case of significant interaction (p < 0.05), step-down ANOVA was 
used to test for main effect with PM.  Pair wise comparisons between groups were made 
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using the Holm-Sidak method.  Statistical significance was stated when a minimum p-value 
of 0.05 or less was reached. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS 
HP12 elemental composition 
    The elemental composition of the bulk sample of HP12 used in this study is previously 
reported (Gilmour et al. 2004, Wichers et al. 2006a).  The data presented on chemical 
composition of this combustion PM in Table 2 are extracted from these published reports.  
HP12 contains both water and HCl leachable fractions of several transition metals such as 
zinc, vanadium, nickel and aluminum.  The elemental profile of HP12 is more similar to 
ambient PM than the profiles of particles used in many other studies; however, is still much 
richer in metals than ambient air (Gavett et al. 2003).  Table 2 lists the elemental composition 
of HP12 by order of the absolute amount that is water soluble.  For example, HP12 contains 
the most water soluble zinc (11.55 µg/mg particle), vanadium (7.18 µg/mg particle) and 
nickel (6.16 µg/mg particle) and the least amount of water soluble chromium (0.05 µg/mg 
particle).  The last column shows the amount of water soluble metals collected in ambient air 
from Hettstedt, Germany in 1999 (Gavett et al. 2003).   
    Table 3 lists the amount of each element instilled, estimated for a 300 g rat.  Estimation of 
metal instilled in the whole lung will allow us to determine its relationship with the levels 
detected at 4 and 24 hours and thus identify which metals are removed in 4 hours versus 24 h 
post instillation.  The elements are listed in order by absolute amount instilled, without 
regards to water or acid solubility.  The 4 and 24 hour average in the lung are estimated again 
for a 300 g rat, using measurements for the lung tissue (given in ng metal/g tissue).  Lung 
levels of all PM-associated metals, including essential and non essential, are high at 4 and 24 
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h post instillation, reflecting the fact that most less-soluble metals remain with particles 
within the lung.  Note that the level of metals in the lung decrease significantly at 4 from IT 
instilled absolute amount, and from 4 h to 24 h suggesting clearance either via capillary 
uptake or mucociliary escalator. 
     
BALF markers of pulmonary inflammation and injury 
    To determine relative susceptibility of each of the rat strains to PM-induced pulmonary 
effects, a number of markers were analyzed in BALF for both studies comparing WKY and 
SHRSP as well as SHR and SHRSP.  Because a much higher response in terms of pulmonary 
injury and inflammation occurred at 24 h post instillation and not at 4 h in the first 
comparative study, we provide data for only a 24 h time point for both studies.  At 24 h post 
IT instillation, total numbers of lavageable cells (A) and neutrophils (B), but not 
macrophages (C), increased in an exposure-related manner in both comparative studies (Fig. 
1, WKY and SHRSP rats; Fig. 2, SHR and SHRSP rats).  Since there was no increase in total 
macrophages in any strain, the increase in neutrophils accounted for the increase in total 
lavageable cells in all three strains.  When all exposure groups are combined, SHRSP had a 
higher number of macrophages than WKY rats (p = 0.056) (Fig. 1C).  SHRSP also seemed to 
consistently have a higher number of neutrophils than WKY (Fig. 1B) in each exposure 
group; however, this difference was not significant.  Further, SHRSP did not demonstrate a 
greater increase in neutrophils than SHR or WKY rats.                    
    At 4 h post IT instillation of PM in the first study, exposure-related increases in protein, 
albumin, and NAG activity were observed in both strains.  However, at this time point, an 
increase in BALF LDH activity was seen only in WKY rats (4 h data not shown).  At 24 h 
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post IT instillation, larger exposure-related increases in protein (A), albumin (B), and GGT 
activity (E) were seen in SHRSP than in WKY rats (Fig. 3).  Exposure-related increases in 
LDH activity (C) and NAG activity (D) were seen to the same extent in both of these strains 
(Fig. 3).  The exacerbated response to PM instillation of BALF levels of protein, albumin and 
GGT activity in SHRSP as compared to WKY suggests more PM-induced vascular leakage 
and cytotoxicity in SHRSP than WKY rats (Fig. 3).  Although the number of macrophages 
was not increased with PM exposure (Fig. 1C), the increase in NAG activity suggests that 
macrophages may have been activated following instillation in both strains (Fig. 3D).   
    PM exposure caused concentration-dependent increases in BALF protein and albumin with 
no significant strain-related differences when comparing SHRSP with SHR in the second 
study (data not shown).  The lack of baseline differences in protein and albumin levels, as 
well as the lack of differential response in these two parameters between SHR and SHRSP, 
suggests less of a difference in underlying lung permeability than was seen between the 
SHRSP and the WKY.  However, a significantly exacerbated response from the SHRSP 
compared to the SHR to PM instillation was seen in BALF GGT and NAG activities (Fig. 4).  
 
Oxidative stress biomarkers in cytosolic fraction of the lung 
    In order to determine the likely involvement of oxidative stress in PM-induced lung injury, 
levels of SOD activity and ferritin, an iron binding protein, were analyzed in the cytosolic 
fraction of the lung.  Baseline SOD activities were higher in SHRSP compared to WKY rats. 
Exposure-related decreases in SOD activity (Fig. 5A) occurred in both strains 
(SHRSP>WKY) and in ferritin levels (Fig. 5B) in SHRSP, but not WKY rats.  Lung 
cytosolic fractions from SHR and SHRSP were not analyzed in the second study.  The 
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protocol used for isolation of a mitochondria rich fraction from lung tissue unfortunately led 
to contamination with other organelles, including lamellar bodies (not shown); therefore, the 
lung mitochondria fraction was not used for further analysis, and only lung cytosolic markers 
were studied.  
 
Histopathology of the lung and the heart 
    Evaluation of the lung histopathology revealed exposure related focal lesions in the lungs 
of both SHRSP and WKY rats.  We did not perform quantitative evaluation for lesion scores 
as these lesions were expected based on previous studies (Kodavanti et al. 1997) but have 
provided representative light microscopy images of control (Fig. 6A) and PM-exposed 
SHRSP exposed to 8.33 mg/kg (Fig. 6B) to demonstrate the PM effect in the lung.  Terminal 
bronchiolar thickening and inflammation were readily apparent in lungs of PM-exposed 
SHRSP relative to controls (Fig. 6B).  Alveolar cell hyperplasia and hypertrophy were 
observed in PM-exposed SHRSP (Fig. 6B).  Particle loaded macrophages were apparent 
within alveoli as shown in a representative photomicrograph from a PM-exposed SHRSP 
(Fig. 6B).  The changes in BALF markers of lung injury were consistent with the histological 
effect of PM on the lung.  Cardiac tissues demonstrated no damage or inflammation by light 
microscopy in PM-exposed WKY or SHRSP rats (not shown).  Lung or cardiac pathology 
was not performed for the second study involving SHR and SHRSP. 
 
Transmission electron microscopy (TEM) 
    Images of the hearts from the IS, RV or LV revealed no differences in structures of 
myocytes or specifically cardiac mitochondria between control and exposed animals (Fig. 7).  
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Additionally, no strain-related differences were observed in cardiac mitochondrial 
ultrastructure.  In both control and exposed groups of each rat strain, an occasional 
megamitochondrion was noted, and some mitochondria displayed a minimal amount of 
electron translucency without damage to the cristae.  No mitochondrial swelling or 
disarrangement of cristae was noted.  Electron dense granules, 20-50 nm in size were also 
seen within the mitochondria of both control and exposed groups (Fig. 7A and B, 
respectively).   
 
Oxidative stress biomarkers in cytosolic and mitochondrial fractions of the heart 
    Mitochondrial preparations from heart tissues provided a mitochondria-rich fraction as 
evaluated by TEM (not shown).  The purity of the cytosolic and mitochondrial fractions from 
the heart and lung was also monitored by measurements of GDH and LDH activities.  A high 
level of GDH measured in the mitochondria, but not the cytosol, indicated a minimal amount 
of mitochondrial contamination in the cytosol, whereas lower amounts of LDH measured in 
the mitochondrial fraction than the cytosol indicated a minimal amount of cytosolic 
contamination.    
    Cardiac cytosolic SOD activity was increased only in SHRSP rats (Fig. 8A) exposed to 
high PM concentration but not WKY (Fig. 8A) or SHR (Fig. 8B).  Baseline levels of heart 
cytosolic glutathione peroxidase activities were higher in SHRSP than in WKY (Fig. 8C) and 
a smaller baseline difference existed between SHR and SHRSP (Fig. 8D).  No PM-exposure 
related differences were observed in glutathione peroxidase activity in any of the strains (Fig. 
8 C and D).  Ferritin levels in the heart cytosol were not different in either strain and no PM 
effects were noted (data not shown).   
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    In cardiac mitochondria, a PM concentration-dependent decrease in ferritin levels was 
observed in SHRSP but not in the SHR or WKY rats (Fig. 9 A and B).  Baseline activity of 
cardiac mitochondrial ICDH was higher in WKY rats than SHRSP (Fig. 9C) in the first 
study.  In the second study involving SHR and SHRSP, high baseline ICDH activity was also 
apparent in SHR when compared to SHRSP suggesting strain-related impairment in this 
mitochondrial enzyme.  Additionally, an exposure-related decrease in ICDH activity was 
noted in WKY rats (Fig. 9C) and SHR (Fig. 9D), and a trend of decrease was noted in 
SHRSP (Fig. 9C).  No PM effects were noted in cardiac mitochondrial or cytosolic aconitase 
activity (data not shown). 
 
Cardiac HO-1 and MIP-2 mRNA expression 
    A modest increase in the oxidative stress marker HO-1 was observed in the cardiac tissue 
of both WKY rats and SHRSP 24h post exposure, however, this increase was not statistically 
significant (Fig. 10).  No exposure-related changes in the cardiac chemokine MIP-2 
expression were observed in either strain (data not shown). HO-1 and MIP-2 mRNA 
expressions were not analyzed in the second study involving SHR and SHRSP. 
 
Solubility of metals related to lung retention 
    Figure 12 depicts the correlation between percent retained in the lung at 24 h post 
exposure and percent water insoluble.  The percent retention was calculated by dividing the 
amount measured in the lung at 4 or 24 h post exposure by the estimated amount instilled.  
The percent water insoluble was calculated by subtracting the percent water soluble from 
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100, so therefore the acid soluble fraction is included as being water insoluble.  Each point 
represents an individual metal, and barium is indicated with an arrow.   
 
Detection of vanadium in lung, plasma, heart and liver 
    Because vanadium existed in water soluble, acid leachable and also insoluble forms, a 
significantly higher amount of vanadium was detected in each tissue at both time points in 
PM exposed animals compared to saline controls (Fig. 13).  In the plasma and heart of PM- 
exposed animals the amount of vanadium detected at 4 h post instillation was significantly 
higher than the amount detected at 24 h, suggesting the rapid uptake of water soluble 
vanadium.  Vanadium was detected at the same level in the liver both at 4 and 24 h time 
points, most likely due to the rapid accumulation of the water soluble form in the liver by 4 h 
and then its retention at the later time point.   
 
Detection of nickel in lung, plasma, heart and liver 
    Similar to the kinetics of vanadium, significantly higher amounts of nickel were measured 
in lung, plasma, heart and liver of PM exposed animals compared to saline controls at 4 and 
24 h post instillation (Fig. 14).  In the lung, plasma and heart the amount of nickel detected at 
24 h was less than the amount detected at 4 h again suggesting that water soluble nickel 
rapidly translocated to these organs.  24 h post instillation, plasma nickel concentrations 
approached baseline values, reflecting its clearance and then eventual accumulation in the 
liver as the amount of nickel found in PM exposed animals remained significantly elevated 4 
and 24 h post instillation.   
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Concentrations of zinc in lung, plasma, heart and liver 
    As expected, relatively high levels of baseline zinc were detected in all four tissues of 
control animals (Fig. 15).  However, 4 h post instillation, a significantly higher amount of 
zinc was found in the lung and plasma of PM exposed animals compared to control.  It is 
important to note that the value for lung levels of zinc and all other metals (Table 3) 
represent levels subtracted from background tissue levels, whereas in the figure no baseline 
(control value) subtraction was done to provide physiological levels in different tissues as 
well as relative increases.  By 24 h post exposure, the increase in plasma zinc was attenuated, 
and the amount of zinc found in the lung was significantly lower than at the 4 h time point.  
At 4 h post exposure there was no difference between saline and PM exposed animals in the 
amount of liver zinc; however, at 24 h post exposure levels were significantly higher than the 
amount detected in saline exposed animals.  No significant differences between exposure 
groups were observed in the amount of zinc detected in heart tissue at either time point.   
 
Concentrations of manganese in lung, plasma, heart and liver 
    Similar to zinc measurements, levels of manganese found in control animals were high 
(Fig. 16).  Significantly higher amounts of manganese were found in the lungs of PM 
exposed animals than controls 4 and 24 h post instillation, and the amount of manganese 
found in the lung 24 h post exposure was significantly lower than the amount found at 4 h 
post exposure.  Plasma levels of manganese were approximately 30% over control at 4 h, but 
by 24 h post exposure, the levels dropped to control.  A similar pattern was observed in the 
heart and liver, with a significant increase in the amount of manganese at 4 h post exposure, 
but no significant increase at 24 h post exposure.  This pattern of manganese distribution is 
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different than other metals such as vanadium, nickel and zinc, which accumulated in the liver 
24 h post instillation.  This likely is reflective of a different mechanism of its storage and 
distribution.  It is important to note here that changes at 4 h in the liver, although significant, 
were very small. 
 
Measurements of other metals in lung, plasma, heart and liver 
    Several other essential metals were detected in extrapulmonary tissues, including iron, 
copper, selenium and magnesium; however, most changes could not be attributed to PM 
exposure.  As expected, baseline levels of essential elements such as copper, iron and 
selenium were high in saline exposed rats (data not shown).  A significantly higher amount of 
lead was noted in the liver of PM-exposed animals compared to control 24 h post exposure 
(Fig. 17).  The absolute amount of water soluble lead was low in the PM (Table 2), but a 
larger fraction was 1 M HCl-leachable.  It is likely that the acid leachable fraction 
translocates more slowly than the water soluble fraction.  Small and non-detectable changes 
may have occurred in plasma lead and subsequently, at 24 h its accumulation in the liver 
reached a detectable value.  Lead also binds to red blood cells (Church et al. 1993) and thus 
the blood uptake differences may account for lack of increased delectability in plasma.  
    Increases in all elements, both essential and nonessential, in the lungs of exposed animals 
verifies that delivery of PM to the lung did occur.  Some of the metals, such as aluminum, 
were found in small amounts in the water soluble fraction, but were not detected in 
extrapulmonary organs.  This may be due to the sensitivity of the ICP-AES, or the binding 
kinetics within the lung that does not allow translocation.  Most of the metals we were unable 
to detect outside of the lung were found in relatively small amounts in water-soluble form in 
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the PM.  These metals include aluminum as well as silica.  Interestingly, although barium 
existed in the PM suspension largely in water soluble form, we were unable to detect it in 
extrapulmonary tissues.  This is also despite a nearly 50% decrease in barium in the lungs 
from 4 h to 24 h post instillation.  This suggests that the mechanisms by which soluble 
barium is cleared by lung may be different than other metals, such as nickel and vanadium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
    One purpose of this study was to determine whether SHRSP are more susceptible to 
cardiac injury following PM exposure than healthy WKY rats, and could therefore be used as 
a new model of cardiovascular susceptibility to PM exposure.  We also wanted to compare 
SHRSP and SHR responses to PM exposure since SHRSP are derived from SHR with added 
susceptibility to stroke.  Research has shown that the combination of two cardiovascular 
diseases, diabetes and hypertension, leads to a higher level of underlying systemic oxidative 
stress than with either disease alone (Friedman et al. 2003).  We speculated that the same 
would be true for an increased stroke propensity and hypertension.  We hypothesized that 
SHRSP would be more susceptible to PM induced cardiovascular health effects than the 
parental SHR or WKY rats.  Because SHRSP have a higher level of underlying oxidative 
stress than normotensive WKY rats (Negishi et al. 1999), we focused on the roles of 
oxidative stress and mitochondria in enhanced cardiovascular susceptibility to PM exposure.    
    While stroke is complex, with many possible causes, genetic analyses have revealed 
several genes independent of hypertension that may be associated with stroke susceptibility 
(Nabika et al. 2004).  Speculations about what these genes encode include disorganization of 
the vasculature (Nabika et al. 2004), decreased glutathione S-transferase µ1 expression 
(McBride et al. 2005), and increased levels of oxidative stress.  Interestingly, several of these 
characteristics have also been linked to PM exposure and increased susceptibility to PM 
(Kodavanti et al. 2000, Roberts et al. 2003).   
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In comparing SHRSP with WKY, PM exposure-related exacerbation of BALF markers of 
pulmonary injury and vascular leakage in the SHRSP are suggestive of an underlying 
vascular impairment.  Higher baseline levels and exposure-related decreases of lung cytosolic 
ferritin and SOD activity in SHRSP but not in WKY rats are indicative of greater underlying 
oxidative stress in the lung in SHRSP.  In the cardiac cytosol, a higher baseline glutathione 
peroxidase activity together with a PM exposure-related increase in SOD activity only in the 
SHRSP but not SHR or WKY rats is suggestive of greater cardiac vulnerability to oxidative 
stress.  Exposure-related decreases in ICDH activity in the cardiac mitochondria of all three 
strains were noted, with concomitant decrease in ferritin in SHRSP only.  These data indicate 
a subtle effect of pulmonary exposure to PM on the hearts of all strains, with a possible slight 
difference in response in SHRSP regarding iron homeostasis.  These data demonstrate that 
cardiac antioxidant enzyme markers within cytosol and mitochondria may be vulnerable to 
pulmonary PM exposure, and that underlying genetic susceptibility to systemic hypertension 
and stroke can influence oxidative stress sensitive biomarkers in the lung and in the heart.  
    A variety of PM components are speculated to induce cardiac effects upon pulmonary 
exposure via different mechanisms; however, animal toxicological studies have not proven 
definitive roles of any individual components.  Since the primary objective of this study was 
to demonstrate cardiac effects resulting from pulmonary PM exposure in vivo, and identify 
the role of underlying genetic vulnerability to oxidative stress and cardiovascular disease, we 
used a well defined model oil combustion fly ash which contained a variety of suspect 
causative components such as metals and organics (Gilmour et al. 2004, Wichers et al. 
2006a).  Our previous studies indicate that the acute cardiac toxicity of the PM is likely 
attributable to its water-soluble transition metals (Gilmour et al. 2006b).   
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    The selection of exposure dose and method is guided by the hypothesis being evaluated.  
Ideally, exposures should mimic real world exposures-in this case, long term inhalation of 
PM at low concentrations.  However, it is difficult for toxicological studies using a limited 
sample size to demonstrate clear toxicity to cardiac biomarkers of vulnerability at ambient 
level of PM by inhalation.  Therefore, we chose to initially identify sensitive biomarkers 
using IT instillation and a dose-response assessment to provide guidance for future inhalation 
studies.  Instillation doses were chosen to mimic previous studies, and are not meant to be 
reflective of environmentally relevant exposures:  using methods outlined in Wichers et al. 
(2006b), the lowest dose (1.11 mg/kg) is estimated to be equivalent to a rat breathing 600 
µg/m3 for 8 hours, and the highest dose (8.33 mg/kg) is similar to a rat breathing 450 mg/m3 
for 8 hours.  Additionally, this exposure method will allow one to address potential 
mechanisms responsible for PM injury due to underlying cardiovascular disease.  In our 
investigation, acute IT instillation of this PM did elicit dose-dependent pulmonary injury and 
an inflammatory response with clear strain-related differences.  Previous research has shown 
that the use of an inert particle, such as carbon black, instead of saline as a control does not 
elicit the same responses as experimental particles.  Cardiac gene expression changes were 
not observed after instillation with a metal free particle (Gilmour et al. 2006b), and unlike 
particles containing metals and organics, cardiac SOD activity was not induced after 
inhalation of carbon black particles (Gurgueira et al. 2002).  Therefore, we opted to use 
saline as a vehicle control for IT instillation.   
    Genetic susceptibility to oxidative stress and cardiovascular disease may be reflected in the 
ability of the lung to respond to irritants, perhaps due to polymorphisms that impact key 
compensatory pathways.  The close linkage of the lungs and heart suggests that impacts on 
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one system will likely indirectly impact the other.  It follows that this same relationship exists 
with vulnerability.  When comparing SHRSP with WKY rats, and SHRSP with SHR, the 
neutrophilic inflammation was not exacerbated in either SHRSP or SHR relative to WKY; 
however, pulmonary vascular leakage, as measured by BALF levels of protein and albumin, 
was exacerbated in the SHRSP compared to the WKY.  This heightened response seen in the 
SHRSP is similar to that observed in our earlier studies showing an enhanced response from 
SHR as compared to WKY rats (Kodavanti et al. 2000) and probably reflects dysfunction of 
the vasculature surrounding the airways of the SHRSP and SHR.  When comparing SHR and 
SHRSP, a slightly greater, but not significant, response from the SHRSP was observed in the 
BALF levels of protein, LDH and albumin, indicating a slightly elevated level of underlying 
pulmonary vascular dysfunction in the SHRSP compared to the SHR (data not shown).  The 
greater increases in GGT and NAG activities in SHRSP compared to SHR (Fig. 3) may 
reflect greater lung cytotoxicity and macrophage activation in the SHRSP.  Mechanistic 
differences in leakage of these enzymes from pulmonary cells will need to be further 
examined to understand if this was just a reflection of the extent of cell damage or specific 
activation of the examined markers.  
    The general purpose was to examine baseline strain differences and PM effects in 
biological markers responsive to changes in the oxidative status of the lung and the heart 
with ultimate focus on cardiac mitochondria to gain insight into the mechanism of enhanced 
susceptibility.  Because SHRSP and SHR rats are known to exhibit greater systemic vascular 
oxidative stress than WKY rats (Friedman et al. 2003, Negishi et al. 1999), we chose to 
evaluate protein markers which are known to be associated with oxidative lung injury (Wang 
et al. 2006).  Higher baseline levels of pulmonary cytosolic SOD activity and the iron 
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binding protein, ferritin, in SHRSP compared to WKY rats may reflect enhanced 
compensatory mechanisms in the lung as an indication of the presence of cardiovascular 
complications associated with hypertension and stroke.  Further, exposure-related decreases 
in these two parameters in lung tissues of SHRSP but not WKY rats demonstrate that there is 
greater impact of PM on the lung possibly due to free radical generation.  Since exposure 
related changes were seen only in the SHRSP, this suggests a reduced capacity to respond to 
increases in oxidative stress.  Because ferritin is an iron binding protein, the decrease in its 
levels in the lung cytosol possibly indicates a decreased ability of the cells to protect 
themselves against the damaging effects of free iron.  Release of iron and inactivation of 
SOD activity have been associated with acute pulmonary injury and increased oxidative 
stress (Wang et al. 2006).   
    Because of its extremely high demand for energy, cardiac muscle is rich in mitochondria 
compared to other types of muscle tissue (Benard et al. 2006).  Mitochondria house the ETC 
as well as the TCA cycle and during the process of ATP production, generate high levels of 
free radical species (Kowaltowski and Vercesi 1999).  Enzymes of the TCA cycle are prone 
to inactivation following free radical exposure, and therefore can be used as sensors of levels 
of oxidative stress (Benderdour et al. 2004, Tretter and Adam-Vizi 2005).  In a previous 
study, we demonstrated changes in numerous genes regulating mitochondrial function in the 
heart after acute intratracheal instillation of zinc (Gilmour et al. 2006b).  Because of these 
changes and the vulnerability of TCA cycle enzymes to inactivation during oxidative stress 
we proposed that acute pulmonary injury caused by bioavailable components of PM may 
increase cardiac workload and cause mitochondrial oxidative stress in the heart.  As observed 
in previous studies (Tokoro et al. 1996), baseline activity of ICDH in the cardiac 
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mitochondria was lower in SHRSP than WKY rats.  This is possibly manifested as 
compromised energy production in the SHRSP as compared to the WKY rats.  Our 
observation of higher baseline levels of the antioxidant glutathione peroxidase in the cardiac 
cytosol of the SHRSP than the WKY implies a higher level of underlying cardiac oxidative 
stress in the SHRSP than the WKY.  This is in accordance with earlier studies of Negishi et 
al. (1999), showing a higher level of underlying systemic oxidative stress in the SHRSP than 
the WKY rats.  Furthermore, the effect of PM on mitochondrial biomarkers was greater in 
SHRSP compared to SHR and WKY rats.  A PM-induced increase in the activity of SOD in 
the cardiac cytosol of SHRSP, but not WKY rats or SHR, suggests an overall increase in free 
radical generation.  Similarly low baseline mitochondrial ICDH activity and its further 
decline together with decreases in mitochondrial ferritin in SHRSP rats following PM 
exposure suggest an increase in cardiac mitochondrial oxidative stress.   
    Within the cell, the mitochondria also constitute the major site for heme biosynthesis, and 
ferritin plays an important role in maintaining iron sulfur clusters of TCA cycle enzymes and 
components of oxidative phosphorylation (Napier et al. 2005).  Stroke susceptibility involves 
a disturbance in iron homeostasis (Armengou and Davalos 2002); thus, any fluctuation in the 
mitochondrial ferritin pool may reflect increased oxidative burden.  PM exposure-related 
decrease in ferritin levels in the cardiac mitochondria of the SHRSP, but not in SHR or WKY 
rats, suggests a possible interference in iron regulation in the cardiac mitochondria of these 
rats.  At present, the mechanism by which ferritin may be decreased in only stroke-prone rats 
following PM exposure is not clear; however, these changes may involve direct impairment 
by PM-associated metals or indirect impairment via changes in cell signaling.  
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    Changes in mitochondrial enzymatic activities and the ferritin pool may or may not result 
in ultrastructural damage.  The lack of any evidence of mitochondrial damage as determined 
by TEM images taken 72 h following PM exposure may suggest that either the injury was not 
severe enough to result in structural impairments or the abnormalities seen in biochemical 
lesions at 24 h post exposure may have been resolved by 72 h post exposure.  Further 
evaluation of a similar time course following PM exposure will be needed to determine the 
extent of oxidative stress and its relation to morphological impairment of cardiac 
mitochondria.  Prolonged oxidative stress may be necessary for structural changes to occur in 
the mitochondria, and a single IT instillation exposure to PM may not be sufficient to 
overwhelm the antioxidant defense system in the heart, even in compromised SHRSP.  The 
presence of electron dense granules, 20-50 nm in diameter and localized within the 
mitochondria in control as well as PM-exposed rats of both SHRSP and WKY strains was 
noted (Fig. 7).  These granules may be an accumulation of divalent cations, such as calcium, 
resulting from the high levels of ion exchanges that occur within the mitochondria or from 
the highly negative mitochondrial membrane potential (Weinbach and von Brand 1967).  
Electron dense granules within the mitochondria have been associated with mitochondrial 
cardiomyopathy in WKY rats exposed to cyclophosphamide (Sudharsan et al. 2006).    
    SHRSP, which demonstrate an increased genetic predisposition to cerebrovascular stroke 
in addition to systemic hypertension, are derived from SHR.  Both of these rat strains 
originate from healthy normotensive WKY rats.  We have shown here that SHRSP are more 
susceptible to PM-induced pulmonary protein leakage than normotensive WKY rats.  This 
difference in vascular leakage was associated with decreased compensatory mechanisms 
involving SOD activity and ferritin.  Increased vascular leakage in response to PM exposure 
 35 
was similar in SHR and SHRSP.  However, strain-related differences in the PM-induced 
effects on cardiac mitochondrial ferritin as well as cardiac cytosolic SOD activity are 
suggestive of greater PM-induced cardiac injury in SHRSP than SHR or WKY.  Individuals 
suffering from multiple cardiovascular ailments, such as hypertension and a propensity 
towards stroke, are probably more susceptible to additional insults resulting in increases in 
oxidative stress (Friedman et al. 2003).  We show here that genetic predisposition toward 
multiple cardiovascular diseases may increase the risk of PM-induced cardiac injury via 
mitochondrial oxidative stress.   
    An additional aim of this study was to describe the extrapulmonary translocation of PM-
associated metals in healthy rats following a single IT instillation of PM, and determine how 
differences in water and acid solubility affect translocation.  IT instillation as a method of 
pulmonary exposure was appropriate since we wanted to monitor the translocation of PM-
associated metals via vascular uptake through pulmonary capillaries.  The PM we chose 
contained water leachable metals, such as vanadium, nickel and zinc, 1M acid leachable 
metals such as lead, and insoluble metals, such as silica and aluminum (Table 2).  The data 
demonstrate that water leachable PM associated metals are rapidly translocated into systemic 
circulation and extrapulmonary organs.  This is evidenced by the detection of non-essential 
metals such as vanadium and nickel in the plasma and also increases in the concentration of 
essential metals such as zinc and manganese.  Based on the changes in lead in the liver, it is 
also likely that acid leachable metals also translocate, but at a slower rate.  Correlation 
analysis of lung metal retention and the percent insoluble metal content demonstrated that 
less water soluble metals are retained in the lung.  Barium is an exception, as no translocation 
to the plasma or liver of this primarily water-soluble metal was detected, despite its depletion 
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in the lung at 24 h.  The kinetics of water-soluble barium may relate to its unique clearance 
mechanism.  We report here that most water-soluble PM associated metals translocate 
rapidly to circulation.  Less water soluble (however acid soluble) metals may also translocate 
but at much slower rate, whereas insoluble metals remain particle associated.  Their 
clearance will then be dependent upon either the mucociliary escalator or through lymphatics 
via macrophages. 
    We chose an oil combustion PM, which contained a variety of metals with differing water 
and acid solubility, and found in ambient PM, to try and obtain information on more 
environmentally and occupationally relevant metals.  Also, the composition of this bulk PM 
has been well characterized in our labs at the EPA (Gilmour et al. 2004, Wichers et al. 
2006a), allowing us to use that information to relate to its translocation kinetics.  Based on 
this published information, three fractions of bulk PM-associated metals were calculated 
separately to get a clear chemical composition picture.  The elements found in selected oil 
combustion PM differ in their solubility, both in the absolute amount and percent of total.  
The presence of many different metals with differing solubilities allows for us to better 
define the role of solubility in extrapulmonary translocation.  Although the lung levels of 
metals were measured only in the right cardiac lung lobe, we decided to calculate metal 
content of whole lung, estimating that whole lungs in a 300 g rat weigh ~1 g.  Since a known 
amount of PM was instilled in the lung, this maneuver allowed us to estimate lung levels at 4 
and 24 h post exposure with correction for edema due to pulmonary inflammation (Fig. 11). 
Measurements of metals in saline exposed animals were subtracted from measurements of 
metals in PM exposed animals, so values are representative of PM associated metals in the 
lung rather than physiologically occurring metals.  A significant increase in amount of metal 
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in the lung 4 h post instillation can serve as an indication that the PM was delivered to the 
lung.  In all cases, the amount measured in the lungs at 24 h post exposure is less than the 
amount found in the lungs 4 h post exposure (Table 3), indicating clearance either via the 
mucociliary escalator or direct translocation into systemic circulation. 
    It is important to note that the degree to which PM-associated metals are toxic may not be 
attributable to the total mass of metals present, but their chemical and physical properties 
instead.  The valence state each metal is in may play a role in the way it may interact with 
other metals or proteins, affecting its potential for toxicity.  The physical form that the metal 
is present in the PM in plays a role in its solubility, and therefore its bioavailability.  Sulfates 
are more water soluble than oxides, and therefore more easily translocated into systemic 
circulation following pulmonary exposure.  Insoluble components of PM may have a longer 
residence time in the lung; however, the soluble fraction is likely to be causing systemic 
toxicity following pulmonary exposure.  It is not clear what factors may have played a role in 
case of PM-associated barium.  Most barium existed in a water-soluble form; however, no 
barium was detected in the plasma or liver despite its near 50% depletion in the lung by 24 h, 
suggesting a unique translocation property.  We did not determine spleen levels of metals; 
however, lymphatic clearance to the spleen is documented (Donaldson et al. 2005), and this 
is likely occurring with barium.     
    Drown et al. (1986) showed that levels of the soluble form of manganese in 
extrapulmonary organs peaks 4h post IT instillation, while levels of the insoluble form do not 
peak until 3 days post exposure.  This relationship of solubility to a faster rate of 
translocation after instillation was also shown using two forms of cadmium differing in their 
water solubility (Aihara et al. 1985).  The amounts of each metal retained in the lung from 
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instillation to 4 h post exposure are more variable than the amount retained from 4 h to 24 h 
post exposure, especially in case of water soluble metals.  This suggests a mechanism of 
removal other than clearance via the mucociliary escalator is occurring, most likely 
translocation via pulmonary capillaries.  Largely, the metals retained longer in the lung are 
more water insoluble, suggesting that direct translocation of water soluble metals is occurring 
within the first 4 h after exposure.  Consequently, the percent retained in the lung 24 h post 
exposure is correlated with the percent of metal that is water insoluble.  In calculating the 
percent of metal retained, we considered the acid soluble fraction as being water insoluble.  
We assumed that this fraction of metals may translocate slowly over days or weeks 
depending on their chemical property and affinity for protein binding.   
    Some metals are more tightly bound or buried in the inner particle core, and may be 
released by the acidic milieu of macrophage phagolysosomes and therefore more slowly 
released from cells and into the blood stream.  This hypothesis is supported by the timing of 
the translocation of lead in our present study.  We observed a significantly higher amount of 
lead in the liver of PM exposed rats than saline controls 24 h post exposure (Fig. 17B).  No 
lead was water soluble, but it existed primarily in the acid soluble fraction in this PM.  Thus, 
the acid soluble fraction of metals may be translocating at much later time than the water 
soluble fraction.  This difference in the translocation of lead may be due to the chemical 
form, and its association with other PM components.  The dependency of metal translocation 
on the type of chemical form has been previously reported (Aihara et al. 1985, Drown et al. 
1986). Time points beyond 24 h post exposure will need to be analyzed to confirm this 
suggestion.   
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    In measuring amounts of metals in biological tissue, high baseline levels are anticipated 
for some, such as iron, zinc, copper or manganese, because they are essential elements and 
are found physiologically within the cell.  As expected, high baseline levels of iron, zinc and 
manganese were found in tissues of control animals (Figs. 15 and 16).  This presents a 
difficulty in determining whether PM associated essential metals are translocating from the 
lungs to other tissues.  Vanadium and nickel are not found in high amounts in the normal 
cellular environment, so detection of these two metals in the plasma, heart and liver of PM 
exposed animals indicates extrapulmonary translocation.  Although high baseline levels were 
detected in tissue levels of zinc and manganese, increased levels were noted in the plasma 
and liver at both time points.  This extra zinc and manganese in liver may come from other 
bodily sources.  This pattern of zinc kinetics is consistent with our previous studies (Gilmour 
et al. 2006a).  Other essential metals may also demonstrate similar behavior; however 
accurate measurement of translocation is difficult owing to high baseline levels.  We are 
currently studying the direct translocation of PM associated zinc using a stable isotope found 
naturally in very low amounts.   
    Trafficking of essential, and perhaps non-essential metals in cells may occur via transport 
mechanisms involving metal binding proteins such as ferritin, tranferrin (Napier et al. 2005), 
and metallothioneins (Nath et al. 2000).  Induction of metallothionein protein synthesis in the 
liver and other organs has been well characterized (Jacob et al. 1999).  This protective 
mechanism is essential for avoiding the potentially harmful effects of free metals.  We have 
previously reported that pulmonary exposure of rats to high levels of zinc induces expression 
of metallothionein proteins in not only the lung, but also in the liver and heart (Gilmour et al. 
2006b).  Thus, it is likely that PM associated essential and non-essential metals within the 
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lung or other tissues may disturb systemic metal balance by induction of metallothioneins 
and sequestration of metals from their catalytically active sites on proteins from different 
tissues, resulting in systemic toxicity.  
    Specific metal-metal interactions may be causing biological changes within the organs and 
cells.  A significantly higher level of lead (Fig. 17B) as well as zinc (Fig. 15D) was measured 
in the livers of PM exposed rats compared to controls 24 h post exposure.  Interactions 
between zinc and lead have not been clearly defined in all organs; however, in the blood 
there is speculation that lead may replace zinc in heme enzymes (Goyer, 1997).  Copper and 
zinc may similarly replace each other in metallothionein proteins, which normally regulate 
the homeostasis of both of these metals (Cai et al. 2005).  Interactions between nickel, 
vanadium and zinc have been suggested (Costa and Dreher 1997, Kodavanti et al. 1998b, 
Campen et al. 2001).   A synergistic relationship between inhaled vanadium and nickel has 
also been suggested (Campen et al. 2001), however, in this study iron seemed to attenuate the 
toxic response to inhaled vanadium or vanadium and nickel (Campen et al. 2002).  Thus, the 
kinetics of translocation and biological actions may be influenced by presence of several 
metals as a mixture in this or other ambient PM. 
    We have demonstrated that a single IT instillation of PM containing moderate amounts of 
water soluble metals induces changes in lung tissue as well as extrapulmonary tissue metal 
levels.  The presence of water soluble nonessential metals outside of the pulmonary system 
indicates metal translocation and sequestration in the liver.  This translocation may be 
important in PM-induced extrapulmonary injury.  Changes observed in essential metals may 
be reflective of either direct translocation of the water soluble fraction of the PM associated 
metals from the lungs into the systemic circulation, or possibly the induction of metal 
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containing proteins in response to a pulmonary insult.  Future studies will focus on 
distinguishing between these two possibilities.  We also observed that only a small quantity 
of acid leachable lead was translocated during the first 24 h post exposure, while no increase 
in circulating or extrapulmonary levels were noted among insoluble metals such as silica and 
aluminum.  Thus, the ability of metals to translocate from the lungs into systemic circulation 
appears to be related to their solubility in water.  In describing the kinetics of PM associated 
metals following pulmonary exposure, we hope to better define the exact mechanism of PM 
induced cardiovascular injury.     
 
Disclaimer:  The research described in this article has been reviewed by the National Health 
and Environmental Effects Research Laboratory, US Environmental Protection Agency and 
NIEHS, and approved for publication.  Approval does not signify that the contents 
necessarily reflect the views and the policies of the agencies nor does mention of trade names 
or commercial products constitute endorsement or recommendation for use.   
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Table 1.  Experimental Design 
 BALF 
analysis 
Heart 
enzyme 
analysis 
Lung 
enzyme 
analysis 
Cardiac 
quantitative 
real time 
PCR 
Transmission 
electron 
microscopy 
(TEM) 
WKY 
versus 
SHRSP 
6 8 4 4 3 
SHR versus 
SHRSP 
6 6 0 0 0 
 
Numbers are rats per strain (WKY, SHR or SHRSP) per dose (0.00. 1.11, 3.33, 8.33 mg/kg) 
analyzed for each parameter 24 h post exposure.  Cardiac TEM was analyzed at saline and 
high dose.  In the study comparing SHR versus SHRSP, rats were exposed to saline or 3.33 
or 8.33 mg/kg PM.  Heart enzyme activities were measured in both the cytosolic and 
mitochondrial fraction, whereas enzyme activities in the lung were measured only in the 
cytosol.   
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Table 2.  Elemental Composition of HP12 in comparison to an ambient PM 
Element Total 
µg/mg 
particle 
Water 
Soluble 
µg/mg 
particle (% 
total) 
HCl Soluble 
µg/mg 
particle (% 
total) 
Insoluble 
µg/mg 
particle (% 
total) 
Water 
Soluble  
µg/mg 
(Hettstedt 
PM, 
Gavett et 
al. 2003) 
Sulfate      
Zn 29.86 11.55 (39) 6.62 (22) 11.69 (39) 6.5 
V 62.95 7.18 (11) 26.50 (42) 29.27 (46) 0.17 
Ni 43.10 6.61 (15) 9.12 (21) 27.37 (64) 0.06 
Al 47.40 3.34 (7) 12.43 (26) 31.64 (67) 0.60 
Si02 138.80 2.02 (1) 3.09 (2) 133.70 (96)  
Ba 2.52 2.01 (80) 0.30 (12) 0.21 (8) 0.06 
Fe 47.05 1.09 (2) 13.74 (29) 32.21 (69) 0.36 
Cu 2.49 0.50 (20) 0.81 (33) 1.18 (47) 1.18 
Sr 0.45 0.38 (83) 0.03 (7) 0.04 (10) 0.08 
Co 1.59 0.35 (22) 0.39 (25) 0.85 (53)  
Mn 0.56 0.31 (56) 0.13 (23) 0.12 (21) 0.12 
Pb 2.75 0.16 (6) 2.26 (83) 0.33 (12) 1.24 
Cr 0.49 0.05 (10) 0.07 (15) 0.37 (75)  
 
Values given are in µg/mg particle, while values in parentheses represent percentage of total 
metal content of the particle that is water or HCl soluble, or insoluble.  Values for Hettstedt 
PM extracted from published data in which values for silica, copper and chromium were not 
reported (Gavett et al. 2003).  Zn=zinc, V=vanadium, Ni=nickel, Al=aluminum, Si02=silica, 
Ba=barium, Fe=iron, Cu=copper, Sr=strontium, Co=cobalt, Mn=manganese, Pb=lead, 
Cr=chromium.   
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Table 3.  Theoretical total amount of metals instilled, lung burden at 4 and 24   
Element Theoretical 
Amount Instilled 
µg/rat 
Measured 
Amount in 
Lung, 4 hours 
post IT 
µg/rat 
Measured 
Amount in 
Lung,  24 hours 
post IT 
µg/rat 
Si02 385.40 262.24 166.40 
V 174.78 110.32 62.76 
Al 131.63 76.86 46.18 
Fe 130.63 68.28 34.67 
Ni 119.66 59.74 35.66 
Zn 82.90 31.89 13.65 
Pb 7.65 5.55 2.87 
Ba 6.99 5.30 2.86 
Cu 6.92 4.03 2.22 
Co 4.43 1.89 1.10 
Mn 1.55 0.62 0.34 
Cr 1.37 0.47 0.25 
Sr 1.26 0.23 0.13 
 
Values were calculated with the assumption that instilled particles were uniformly distributed 
in the lung.  Instillation values were calculated from total metal content in HP12 in 8.33 mg 
particles / kg body weight for a 300 gram rat.  For lung calculations, total lung weight was 
assumed to be 1 gram, and values were divided by a ratio of accessory lung lobe weight 
between control and exposed animals, at 4 or 24 h post instillation (see Fig. 12).  Measured 
amounts in lung represent differences in measured amounts between saline and PM exposed 
animals.  Zn=zinc, V=vanadium, Ni=nickel, Al=aluminum, Fe=iron, Si02=silica, Ba=barium, 
Cu=copper, Sr=strontium, Co=cobalt, Mn=manganese, Pb=lead, Cr=chromium.   
 
 
 
 
FIGURE LEGENDS 
    FIG. 1.  Pulmonary inflammatory response to PM as determined by analysis of 
bronchoalveolar lavage fluid (BALF) in WKY and SHRSP. BALF cells were characterized 
and quantified at 4 and 24 h post exposure.  The data for 24 h time point are given in the 
graph as peak responses were noted then.  Each bar represents the mean ± SEM for 6 
animals.  * indicates significant difference from saline control in the case of both strains (p ≤ 
0.05). 
 
FIG. 2.  Pulmonary inflammatory response to PM as determined by analysis of 
bronchoalveolar lavage fluid (BALF) in SHR and SHRSP. BALF cells were characterized 
and quantified at 4 and 24 h post exposure.  The data for 24 h time point are given in the 
graph as peak responses were noted then.  Each bar represents the mean ± SEM for 6 
animals.  * indicates significant difference from saline control in the case of both strains (p ≤ 
0.05).  † indicates significant strain differences (p ≤ 0.05).   
 
    FIG. 3.  Pulmonary injury response to PM as determined by analysis of bronchoalveolar 
lavage fluid (BALF) in WKY and SHRSP.  BALF protein, albumin, and activities of lactate 
dehydrogenase (LDH), n-acetyl glucosaminidase (NAG) and γ-glutamyl transferase (GGT) 
were analyzed in cell free BALF at 4 and 24 h post exposure.  The data for 24 h time point 
are given in the graph as peak responses were noted then.  Each bar represents the mean ± 
SEM for 6 animals.  * indicates significantly different from saline control in the case of both 
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strains (p ≤ 0.05).  † indicates significant strain differences (p ≤ 0.05).  In LDH, a statistically 
significant strain difference is seen when all exposure groups are combined.   
 
    FIG. 4.  Differential effect of PM on bronchoalveolar lavage fluid (BALF) n-acetyl 
glucosaminidase (NAG) and g-glutamyl transferase (GGT) activities in SHR and SHRSP.  
The injury paymasters were analyzed at 24 h post IT instillation of PM.  Each bar represents 
the mean ± SEM for 6 animals.  * indicates significantly different from saline control (p ≤ 
0.05).  † indicates significant strain differences (p ≤ 0.05). 
 
    FIG. 5.  Lung cytosolic superoxide dismutase and ferritin following 24 h post PM 
instillation in WKY and SHRSP.  Each bar represents the mean ± SEM for 8 animals.  * 
indicate significantly different from saline control (p ≤ 0.05).  † indicate significant strain 
differences (p ≤ 0.05).   
 
    FIG. 6.  Representative light microscopic images of hematoxylin and eosin stained lung 
tissue sections from control and PM-exposed rats.  Lung tissues were processed for 
histological examination at 72 h post PM instillation in WKY and SHRSP rats.  
Representative pictures of lung tissue sections from saline SHRSP (A) and PM (8.33 mg/kg)-
exposed SHRSP rats are shown.  We have previously noted that the lesions are consolidated 
around 2-4 days of IT instillation of such metal containing PM (Kodavanti et al. 1997); 
therefore, a 72 h time point was chosen.  Note that the lesions were focal and not uniformly 
distributed through out parenchyma.  PM laden macrophages (arrow) and alveolar epithelial 
hyperplasia (asterisk) were observed. 
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    FIG. 7.  Transmission electron microscopic (TEM) images showing cardiac tissue in A) 
WKY rats and B) SHRSP.  No PM exposure-related mitochondrial structural changes such as 
enlargement, or altered cysternae structures were apparent in cardiac tissue of either strain.  
However, electron dense granules of 20-50 nm (shown in images with circles) were observed 
in the mitochondrial matrix of both strains regardless of exposure status.  Representative 
images were chosen for each strain.  TEM was not done for SHR rats. 
 
    FIG. 8.  Cardiac cytosolic enzyme activity changes at 24 h following exposure to PM in 
WKY rats, SHR and SHRSP.  A number of enzyme markers sensitive to oxidative stress are 
shown in the figure (superoxide dismutase and glutathione peroxidase), and additional ones 
(aconitase and succinate dehydrogenase) were analyzed in the cytosolic fraction of the heart.  
Data are given for those which demonstrated strain differences and/or PM effects.  Each bar 
represents the mean ± SEM for 4-6 animals.  * indicate significantly different from saline 
control (p ≤ 0.05).  † indicate significant strain differences (p ≤ 0.05).  There are small but 
significant strain differences in superoxide dismutase and glutathione peroxidase activities 
between SHR and SHRSP when all exposure groups are combined.   
 
    FIG. 9.  Cardiac mitochondrial enzyme activity and protein changes at 24 h following 
exposure to PM in WKY rats, SHR and SHRSP.  A number of enzyme markers sensitive to 
oxidative stress are shown in the figure (isocitrate dehydrogenase and ferritin), and additional 
ones (aconitase, ubiquinone reductase and succinate dehydrogenase) were analyzed in the 
mitochondrial fraction of the heart.  The data are given for those which demonstrated strain 
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differences and/or PM effects.  Each bar represents the mean ± SEM for 4-6 animals.  * 
indicate significantly different from saline control (p ≤ 0.05).  † indicate significant strain 
differences (p ≤ 0.05).  When all exposure groups are combined, a significant strain 
difference is seen in ferritin levels between SHRSP and WKY rats, and between SHRSP and 
SHR.   
 
    FIG. 10.  Cardiac heme-oxygenase-1 gene expression 24 hours post-instillation.  Cardiac 
tissues total RNA was used for real time PCR amplification of HO-1 mRNA.  Each bar 
represents the mean ± SEM for 4 animals.  Although there was a trend for an increase in HO-
1 mRNA expression with PM exposure, this difference was not significant. 
 
     FIG. 11.  Accessory lung lobe weights following intratracheal instillation of either saline 
or 8.33 mg/kg PM in WKY rats.  * indicates significantly different from saline control at that 
time point.  † indicates significantly different from 4 h time point (p ≤ 0.05). 
 
    FIG. 12.  Correlation between percent retention in the lung and percent water insoluble 24 
h post exposure.  Each point on the graph represents an individual metal.  Percent retention 
was calculated by dividing amount measured in lung at 24 h post exposure by theoretical 
amount instilled.  Percent water insoluble includes the acid soluble fraction.  Barium is 
indicated with an arrow.   
 
    FIG. 13.  Analysis of tissue and plasma levels of vanadium following intratracheal 
instillation of either saline or 8.33 mg/kg PM in WKY rats.  Data represent mean vanadium 
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concentrations (ng V/g tissue or plasma) ± SEM for 6 rats per group.  * indicates 
significantly different from time-matched saline control.  † indicates significantly different 
from 4 h time point (p ≤ 0.05). 
 
    FIG. 14.  Analysis of tissue and plasma levels of nickel following intratracheal instillation 
of either saline or 8.33 mg/kg PM in WKY rats.  Data represent mean vanadium 
concentrations (ng Ni/g tissue or plasma) ± SEM for 6 rats per group.  * indicates 
significantly different from time-matched saline control.  † indicates significantly different 
from 4 h time point (p ≤ 0.05). 
 
    FIG. 15.  Analysis of tissue and plasma levels of zinc following intratracheal instillation of 
either saline or 8.33 mg/kg PM in WKY rats.  Data represent mean vanadium concentrations 
(ng Zn/g tissue or plasma) ± SEM for 6 rats per group.  * indicates significantly different 
from time-matched saline control.  † indicates significantly different from 4 h time point (p ≤ 
0.05). 
 
    FIG. 16.  Analysis of tissue and plasma levels of manganese following intratracheal 
instillation of either saline or 8.33 mg/kg PM in WKY rats.  Data represent mean vanadium 
concentrations (ng Mn/g tissue or plasma) ± SEM for 6 rats per group.  * indicates 
significantly different from time-matched saline control.  † indicates significantly different 
from 4 h time point (p ≤ 0.05). 
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    FIG. 17.  Analysis of tissue and plasma levels of lead following intratracheal instillation of 
either saline or 8.33 mg/kg PM in WKY rats.  Data represent mean vanadium concentrations 
(ng Pb/g tissue or plasma) ± SEM for 6 rats per group.  * indicates significantly different 
from time-matched saline control (p ≤ 0.05). 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 10.  
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Figure 13.  
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Figure 14.  
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Figure 16.  
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Figure 17. 
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